Ethionamide (ETA) is an important component of second-line therapy for the treatment of multidrug-resistant tuberculosis. Synthesis of radiolabeled ETA and an examination of drug metabolites formed by whole cells of Mycobacterium tuberculosis (MTb) have allowed us to demonstrate that ETA is activated by Soxidation before interacting with its cellular target. ETA is metabolized by MTb to a 4-pyridylmethanol product remarkably similar in structure to that formed by the activation of isoniazid by the catalase-peroxidase KatG. We have demonstrated that overproduction of Rv3855 (EtaR), a putative regulatory protein from MTb, confers ETA resistance whereas overproduction of an adjacent, clustered monooxygenase (Rv3854c, EtaA) confers ETA hypersensitivity. Production of EtaA appears to be negatively regulated by EtaR and correlates directly with [ 14 C]ETA metabolism, suggesting that EtaA is the activating enzyme responsible for thioamide oxidation and subsequent toxicity. Coding sequence mutations in EtaA were found in 11 of 11 multidrug-resistant MTb patient isolates from Cape Town, South Africa. These isolates showed broad cross-resistance to thiocarbonyl containing drugs including ETA, thiacetazone, and thiocarlide.
I
n 1998 Mycobacterium tuberculosis (MTb) infected 7.25 million people and resulted in 2.9 million fatalities (1) . Underlying these statistics is an emerging epidemic of multidrug-resistant tuberculosis (MDRTB) that severely undermines control efforts and is transmitted indiscriminately across national borders (2, 3) . As many as 50 million people worldwide presently are infected with MDRTB, defined as resistance to both isoniazid (INH) and rifampicin (4) . Resistance to any of the front-line drugs such as INH and rifampicin generally bodes poorly for the patient who then is committed to a regimen of 4-5 less-active ''second-line'' therapies. One of the most efficacious of these second-line drugs that is widely used in the treatment of MDRTB is the thioamide ethionamide (ETA) (1) (5) .
Current tuberculosis therapies include a large number of ''prodrugs'' that must be metabolically activated to manifest their toxicity upon specific cellular targets (6) . The bestcharacterized example of this is the activation of INH by the catalase-peroxidase KatG that precedes inactivation of enzymes involved in mycolic acid biosynthesis (7) . Although this process has been intensively studied, the actual identity of the active form of INH remains unclear (8) . There appear to be competing oxidative reactions that give rise to a variety of metabolites, suggesting a highly reactive intermediate. One product that has been identified both via x-ray crystallography within the active site of InhA (one of the proposed activated INH target enzymes) (9, 10) and via direct formation under appropriate conditions in solution is the acylpyridine adduct of NAD ϩ (11) . Despite the apparent in vitro complexity, activation of INH by whole cells of MTb gives primarily a single major product, 4-pyridylmethanol, which is in effect a surrogate for the productive activation of INH mediated by KatG (12, 13) . INH metabolism to 4-pyridylmethanol only occurs in drug-susceptible organisms whereas drugresistant organisms no longer produce this metabolite (14) . The majority of clinically observed INH resistance is associated with the loss of this activating ability by the bacillus (15) .
Like the front-line INH, ETA is specific for mycobacteria and is thought to exert a toxic effect on mycolic acid constituents of the cell wall of the bacillus (10, 16, 17) . Although activated ETA has been shown to share a common molecular target with INH, KatG mutants resistant to INH retain their sensitivity toward ETA, suggesting that ETA activation requires an entirely different enzyme. It has long been known that in vivo ETA demonstrates more consistent antitubercular activity than one would expect from in vitro examination of its minimal inhibitory concentration (MIC), and it has been demonstrated that a major metabolite of ETA in vivo is its S-oxide (2), which shows comparable in vitro activity (18) (19) (20) (21) (22) . A wide variety of toxic thiocarbonyl-containing compounds have been shown to be converted to the corresponding S-oxides during in vivo metabolism by mammals supporting this as an intermediate oxidation in the metabolic activation of ETA (23) .
Experimental Procedures Synthesis of 2-Ethyl-[ 14 C]Thioisonicotinamide ([1-14 C]ETA). 2-
Ethylpyridine was converted to its N-oxide salt in almost quantitative yield by using 35% hydrogen peroxide in acetic acid, and the corresponding N-oxide was subjected to a nitrating mixture of sulfuric and nitric acids to form 2-ethyl-4-nitropyridine Noxide in 60% yield (24) . Reduction using iron filings, hydrochloric acid, and acetic acid (25) allowed us to isolate 2-ethyl-4-aminopyridine, which was converted to 2-ethyl-4-bromopyridine through the perbromide by using 50% aqueous hydrobromic acid and sodium nitrite (24 (27, 28) . The nitrile was converted to [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]ETA by hydrogen sulfide treatment, and the resulting thioamide was purified to 98% final radiochemical purity by using normal-phase HPLC with a preparative ADSORBOSPHERE silica column (5 m, 300 ϫ 22 mm, Alltech Associates) and an isochratic eluent of 90% chloroform, 10% methanol. Unlabeled ETA synthesized by using the same procedure cochromatographed with commercially available ETA (Sigma-Aldrich) and showed the correct analytical data. Metabolites were identified by comparison with wellcharacterized synthetic standards prepared as follows: the sulfoxide (2) was prepared by hydrogen peroxide oxidation of ETA as described (29 Cells from sequential culture aliquots from the metabolic conversion assays (volumes given in figure legends) were collected by filtration onto 0.22-m GS filter disks (Millipore) under vacuum on a Hoeffer apparatus and were washed twice with 0.1 mM sodium phosphate (pH 7.5), 100 mM NaCl (500 l). The cell-associated radioactivity was measured in 4 ml of EcoscintA scintillation solution (National Diagnostics). HPLC separation of the [ 14 C]ETA metabolite mixture was achieved by using a reverse-phase LUNA column [5 m, C18(2), 250 ϫ 4.6 mm, Phenomenex, Torrence, CA] with a gradient of (0-5 min) 0% acetonitrile, 100% water; then (5-65 min) to 70% acetonitrile; then (65-80 min) to 100% acetonitrile (all solvents contained 0.1% trifluoroacetic acid). The retention time of the unknown radiolabeled major metabolite (5) using continuous radiodetection (␤-RAM, INUS Systems, Tampa, FL) was used to guide cold large-scale ETA feeding experiments with up to 1 liter of log-phase MTb H37Rv, to which we fed 10 g͞ml ETA (Sigma-Aldrich). We HPLC-isolated very small quantities of unlabeled metabolite with a similar retention time to (5), by using UV 254 detection. The metabolite (5) gave a mass of 137 (137.9 MH ϩ ) (mass spectrometer model API300TQMS, PerkinElmer͞Sciex). For Mycobacterium smegmatis (MSm), macromolecule-associated radioactivity was determined by resuspending cells from microcentrifuged 900-min aliquots (400 l) in PBS. The cells were ruptured by bead-beating (MiniBeadBeater, BioSpec Products, Bartlesville, OK, 3 ϫ 45 sec, 0.1-mm glass beads) and extensively dialyzing the lysates with centricon 10 concentrators (Amicon) before analysis in 4 ml of EcoscintA scintillation solution.
Cloning of EtaA and EtaR. Genomic DNA from MTb H37Rv was partially digested with Sau3AI (New England Biolabs) to give fragments of various sizes. Fragments ranging from 1 kb to 10 kb were ligated to pMV206Hyg (30) that had been previously linearized with BamHI (New England Biolabs). The ligation mixtures were electroporated into Escherichia coli DH5␣ (Life Technologies, Grand Island, NY) for amplification of the DNA library, which was subsequently purified and electroporated into MTb H37Rv. The resulting transformants were plated on 7H11 (Difco) agar plates that contained Hygromycin (Life Technologies, 200 g͞ml) and the indicated concentrations of ETA. Five colonies were isolated that had MICs for ETA from 2.5 to 5.0 g͞ml (the MIC for wild-type MTb is 1.0 g͞ml) (16) .
EtaA and EtaR were PCR-amplified from H37Rv chromosomal DNA by using the following primers, 5Ј-GGGGTAC-CGACAT TACGT TGATAGCGTGGA-3Ј and 5Ј-ATA A-GAATGCGGCCGCAACCGTCGCTAAAGCTAAACC-3Ј (Rv3854c, EtaA); 5Ј-GGGGTACCGCACACTATCGACACG-TAGTAAGC-3Ј and 5Ј-ATAAGAATGCGGCCGCGCGGT-TCTCGCCGTAAATGCT-3Ј (Rv3855, EtaR), and inserted directionally into KpnI-and NotI-digested pMH29 (30) .
Sequence Analysis of ETA-Resistant Clinical Isolates. Using the aforementioned primers, EtaA was PCR-amplified from genomic DNA containing drug-resistant isolate lysates (1 ml, bead-beaten for 3 ϫ 45 sec and aqueous-diluted 10-fold). EtaA was sequenced in its entirety by primer walking for all isolates (SEQWRIGHT, Houston, TX), and observed mutations were confirmed on both strands. For the three isolates without mutations in EtaA, EtaR and the intergenic region also were sequenced in its entirety without observing any mutations. (5) as seen by TLC analysis of sequential time points (Fig. 1A) . Metabolites corresponding to the S-oxide (2), nitrile (3), and the amide (4) were identified by cochromatography (TLC and HPLC) with standards synthesized by known methods and characterized by 1 H-NMR, 13 C-NMR, and MS. These metabolites were produced in small amounts by the cellular oxidation of ETA but they were the dominant products of air oxidation of ETA (compare lanes h and i in Fig. 1 A) .
Results

Synthesis and in
In contrast, metabolite 5 was produced only by live cells of MTb and was not seen upon air oxidation of ETA. The thioamide S-oxide (2) was transiently produced in whole cells but was further metabolized and no longer apparent after depletion of the ETA (Fig. 1 A) . Cold ETA feeding experiments allowed the isolation of unlabeled metabolite 5, which displayed a molecular mass of 137 by LC-MS (Fig. 1C) . We assigned this metabolite as (2-ethyl-pyridin-4-yl)methanol (5) and confirmed this by cochromatography (TLC and HPLC) with an authentic synthetic alcohol standard. The upper HPLC trace in Fig. 1C shows the continuous radio-detector output from a sample corresponding to [1-14 C] ETA that has been air-oxidized in media (lane i in Fig.  1 A) . The lower trace shows a sample from MTb metabolism of [1-14 C]ETA after 1.5 h of exposure (lane d in Fig. 1 A) The UV 254 trace of synthetic (2-ethyl-pyridin-4-yl)methanol is superimposed in gray. There is another unidentified more polar metabolite at the void volume of the HPLC trace that may correspond to the origin material in the TLC analysis shown in Fig. 1 A. Further analysis of this material revealed that it was composed of several discrete, very polar substances. This metabolism also was associated with incorporation of ETA-derived radioactivity into whole cells (Fig. 1B) .
Identification of EtaA, a Monooxygenase That Activates ETA. To elucidate the enzymatic basis for activation of ETA to metabolite 5 by MTb we selected for ETA resistance in MTb by transformation of a 1-to 10-kb insert-containing library of MTb chromosomal DNA in pMV206Hyg (31) . Five colonies were isolated that had MICs for ETA from 2.5 to 5.0 g͞ml (the MIC for wild-type MTb is 1.0 g͞ml). Upon restriction analysis the five independent plasmids were shown to contain the same genomic region on different overlapping Sau3AI fragments. This cloning also was done with genomic DNA from a strain reported to be ETA-resistant but the same genomic locus was obtained with no alterations compared with H37Rv, suggesting that the resistance was not associated with alterations to this region but simply with its overexpression. The common region to all of the resistanceconferring clones encompassed only one protein (Rv3855, EtaR) (32) that showed broad homology to many TetR family transcriptional regulators. A 76-nt intergenic region separates this putative regulator from a divergently transcribed monooxygenase (Rv3854c, EtaA). EtaA displayed significant homology to known flavin monooxygenases such as cyclohexanone monooxygenase from Acinetobacter sp. strain NCIB 9871 (33) (see Figs. 6 and 7, which are published as supplemental material on the PNAS web site, www.pnas.org). Two other monooxygenase͞ regulator pairs with similar gene organization are known that show high homology to both the regulator and monooxygenase components to the MTb locus, one from Dienococcus radiodurans (34) and the other from Streptomyces coelicolor (35) . One of the isolated library plasmids containing only the etaR gene was electroporated into MTb and MSm, and the resulting MTb transformants grew as a lawn at 2.5 and 5 g͞ml ETA, indicating that EtaR was solely responsible for ETA resistance. The MSm transformants were able to grow at greater than 200 g͞ml ETA, compared with growth of vector control containing MSm at 50 g͞ml.
To see whether EtaR-mediated repression of EtaA was the cause of ETA resistance we transformed MTb and MSm with pMH29 plasmid constructs containing etaR and etaA separately under the control of a strong constituitive promoter (30) . Although we could observe resistance with EtaR constructs in MTb we were not successful in overexpressing EtaA in MTb, suggesting expression of this enzyme is tightly controlled in this organism. MSm overexpressing the putative repressor was found to be ETA-resistant with a measured MIC greater than 62.5 g͞ml on solid media (Fig. 2, lanes c) . Although the recombinant MSm were equally susceptible to killing with INH, the bacteria overexpressing EtaA were found to be hypersensitive to ETA with noticeable growth inhibition at 2.5 g͞ml, a level comparable to the normal MIC for MTb (Fig. 2, lanes a) . Qualitatively comparable results were obtained when these organisms were treated with ETA S-oxide (although the absolute MIC for the sulfoxide is lower, EtaR conferred resistance and EtaA conferred hypersensitivity). These results suggest that EtaA is directly responsible for thioamide S-oxide oxidative activation and that EtaR modulates expression of this enzyme. (1), ETA S-oxide (2), ETA nitrile (3), and ETA amide (4). (B) Mycobacteria from the same sequential culture aliquots (500 l) were collected by filtration onto 0.22-m filter disks under vacuum, they were washed twice with PBS (500 l), and the cell-associated radioactivity was measured. (C) The reversed-phase HPLC retention time of the unknown major metabolite (5) was used to guide cold large-scale ETA feeding experiments where we isolated unlabeled metabolite that gave a mass of 137 (137.9 MH ϩ ). We assigned this as (2-ethyl-pyridin-4-yl)methanol and confirmed the identity of (5) shown in Fig. 3 . The EtaA overproducing MSm was found to convert ETA to metabolite 5 much more quickly than vector control (Fig. 3A) . Although the EtaR-overproducing strain did appear to affect this conversion less efficiently than the control, the result was not dramatic because MSm normally only weakly activates ETA, consistent with this organism's higher overall MIC for ETA (Fig. 2) . These studies directly correlate ETA activation and metabolism with toxicity as measured by MIC. To understand the effect of drug activation we also examined covalent incorporation of [ 14 C]ETA into cellular macromolecules by lysing treated cells and then extensively dialyzing away small molecules. Drug activation was found to correlate directly with incorporation of labeled drug into macromolecules (Fig. 3C) .
Drug activation, and formation of metabolite 5, also was found to depend on the presence of molecular oxygen, consistent with a role for an oxygen-dependent activation process involving EtaA. When whole cells of MTb were incubated with radioactive drug under an atmosphere of argon, no ETA metabolism was observed (see Figs. 6 and 7) .
EtaA Mutation in MDRTB Patient Isolates Resistant to Thioamides.
ETA is only one example of a thiocarbonyl-containing antituberculosis medication approved for clinical use. Among the second-line tuberculosis therapeutics there are two other such molecules, thiacetazone (11) and thiocarlide (isoxyl) (12) (Fig.  4A ) that might be similarly activated by EtaA-catalyzed Soxidation. To elucidate the clinical relevance of EtaA-mediated resistance to thiocarbonyl-containing drugs as a class we characterized a set of 14 multidrug-resistant isolates from patients in Cape Town, South Africa. These isolates were selected on the basis of thiacetazone resistance and then characterized with respect to ETA resistance. Eleven of 14 of these isolates were found to be ETA cross-resistant. Although none of the patients had been treated with thiocarlide 13͞14 of the isolates showed thiocarlide cross-resistance. To examine at the molecular level the relevance of EtaAmediated thiocarbonyl activation for this class of compounds we PCR-amplified and sequenced the etaA gene from all 14 multidrug-resistant patient isolates. In addition, we examined an in vitro-generated ETA mono-resistant strain (ATCC 35830). Eleven of 14 clinical isolates had amino acid-altering mutations in EtaA as indicated in Fig. 4B . The nucleotide change at 1025 was found in three isolates, that at 1141 in two isolates. The resulting amino acid alterations tended to occur at positions that were absolutely conserved among other flavin-containing monooxygenases (see Figs. 6 and 7) . Along with the single nucleotide changes a 1-nt deletion (65) and addition (811) were found. In the ATCC 35830 ETA mono-resistant strain a nucleotide change at position 557 of EtaA was found. To confirm that these mutations had functional consequences we expressed four of the mutant EtaA proteins in MSm (T186K, T342K, A381P, and ⌬1nt65) and demonstrated that the resulting strains were neither ETA-hypersensitive nor converted radio-ETA to the predicted products (data not shown). The three patient isolates where EtaA mutations could not be found corresponded precisely with those that remained fully sensitive to ETA. Thus there is a 100% correspondence between mutation in EtaA and ETA crossresistance among these thiacetazone-resistant strains.
Discussion
INH (6) has been shown to be activated by KatG in vitro to a variety of products including isonicotinic acid, isonicotinamide, and isonicotinaldehyde (9) [which in vivo is rapidly reduced to 4-pyridylmethanol (10)] (8, 14) . The results support the notion that in vivo INH is metabolized by oxidation to an acyl diimide (7), then to a diazonium ion (8) or an isonicotinyl radical that may abstract a hydrogen atom from a suitable donor to form isonicotinaldehyde. Similarly, we postulate that ETA is activated via the corresponding S-oxide (2) to a sulfinate that can form an analogous aldehyde equivalent (an imine) through a radical intermediate (Fig. 5) . Hydrolysis of this imine could be followed by reduction of the resulting aldehyde to the observed metabolite (5) .
The mechanistic linkage of the activated form of ETA and INH may explain, in part, the observation that they share a final common target. The striking observation that both drugs give rise to essentially the same final metabolite upon productive activation of the drug further substantiates this common mechanism. Despite this commonality an acyl hydrazide and a thioamide must undergo very different activation processes by discrete enzymes before they converge on an analogous reactive intermediate. The association of KatG with INH activation has been firmly established by a combination of loss of activity studies, laboratory-selected drug-resistant mutants, overexpression, and clinically relevant mutations (7, 36) . In this study we establish that EtaA is the analogous enzyme for the activation of ETA and provide similar evidence based on genetic manipulation of the enzyme levels and mutations observed in patient isolates.
EtaA has two closely related homologs (Rv3083 and Rv0565c) encoded within the MTb genome that share almost 50% identity to this monooxygenase (32) . It is also a member of a family of 14 more loosely related proteins, the majority of which are probable monoxygenases. In addition, MTb has 20 homologs of cytochrome P450 containing oxygenases, the largest number ever identified within a single bacterial genome (37) . The reason for this amazing radiation of oxidative enzymes is not clear but they may have evolved to improve bacterial survival in the face of various xenobiotic substances. In this vein, the ETA susceptibility of this organism may arise from accidental activation by an enzyme intended to aid detoxification.
Thiacetazone (11) has been widely used as a front-line therapeutic in Africa and throughout the developing world because it is extremely inexpensive (38) . Although thiocarlide (12) has not been widely used there is renewed interest in this drug and new analogs (39) . There is an impressive clinical history of cross-resistance among this set of three second-line therapies (40 -46) . This cross-resistance suggested a common mechanism of activation of thiocarbonyl containing molecules that might allow the simultaneous acquisition of drug resistance to this class of therapeutic. When we examined the patient isolates from Cape Town for cross-resistance to other thioamides or thioureas we noted that the vast majority of ETA͞thiacetazone-resistant isolates were already resistant to thiocarlide, even though these patients were never treated with this drug.
The extensive cross-resistance among these compounds predicts multiple overlapping mechanisms of resistance among clinically used antituberculars: target-associated between INH and ETA and activation-associated between ETA, thiacetazone, and thiocarlide. Such considerations complicate appropriate drug therapy for the treatment of MDRTB, and these results provide an important tool to help understand and quickly characterize the resistance mechanisms operating in a single patient, which may prove vital to a positive outcome.
